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1.0 EXTENDED ABSTRACT

A fullerene ion thruster (FIT) represents a major advancement in electrostatic
propulsion. It could deliver up to 30 times larger thrust density than Xe fueled ionIthrustcrs while decreasing the relative losses by a factor of 5.5. To prove the basic
feasibility of the FIT concept, Busek designed and constructed balanced beam scale to
measure fullerene mass flow. a fullerene vaporization and ionization chamber as
well as simple acceleration grid which were used to perform a set of critical and
unique experiments. The major accomplishments are:

1) Fullcrene compatibility with various metallic and dielectric materials wkas
studied. Milligram quantities of fullerenes were evaporated from SST.
molybdenum, alumina, boron nitride, aluminum nitride, and quartz
substrates. Substrates and residue of fullerenes were analyzed. No reaction
has been found with any materials although some substrates were visually
stained. Containment of fullerene solids and vapor in SST vessels should be
no problem.

2) FTIR spectroscopy was not able to detect free molecular stream of fullcrenc
vapor but it did detect fullerene condensation coating on IR windows and
presence of solvents coming off the fullerenes during heating.

3) Preliminary assessment of spacecraft contamination by fullerene thruster
effluent was carried out. The contamination is comparable to that projccted
for lithium. Concepts to reduce it were suggestcd.

4) Fullerene vapor generation and control was demonstrated. Samples of up to
9 grams were evaporated from a quartz vessel. Mass flow was measured real
time by measuring mass loss rate of the sample and verified by pre and post
test sample weight measurements. As much as 7% of the initial sample
remained as process residue not vaporizable at 700'C.

5) A discharge in fullerene vapor was established using 2% thoriated tung-
sten filament in a quartz chamber. Discharge voltage of approximately 190
volts was measured. Lowest discharge voltage obtained was approximately
60 volts which increased to 190 volts in steps of about 30 to 40 volts each
time discharge was re-initiated. Graphite coating was found on the cathode
as well as possible thorium carbide. Possible explanation for high
discharge voltage may be: (1) continuous forming of insulating fullerite
layer that must be converted to graphite to maintain discharge, (2) forma-
tion of thorium carbide, and (3) high collisional losses, which is however
unlikely but no collisional cross section data exist so it cannot be excluded.

6) No fullerene fragmentation occurred due to vaporization, ionization. and
acceleration as determined from samples collected in various parts of thesystem with the exception of an area in the back of the catlhode where the

deposit was found to be graphitic.

7) An ion beam of about 20 mA was recorded. The beam ion energy cost was
estimated to be 900 to 1000 cV/beam ion. Propellant utilization assuming
single ionization was estimated to be 70%.

I
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This broad set of unique results briefly dcscribed above was achieved by the
svnergism of two DOD Phase I SBIR contracts. The first is the present, just completed
fullerene ion thruster work, and the second is fullerenc fueled SPT thrt.ster program
currently in progress. Knowledge so far gained in the SPT work is included here ito
present a more complete picture. It is hoped that this svnergism will continue into
the next phase of both programs.

I
I
I
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I
I
I
I
I
I
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2.0 INTRODUCTION AND OBJECTIVES OF THE PRESENT WORK

iI
Space propulsion demands the maximunm possible propulsion cfficiency be

achieved to offset the cost of orbiting the engine and its fuel. For this purpose
electrostatic propulsion is very attractive, having excellent efficiency and VreatI I
surpassing the specific impulse of all chemical systems. However. space-charge
limitations of the ion acceleration process limit the thrust density to the extent that
these engines are presently practical for limited number of missions. Ion thrustcrs
currently use either atomic Xenon. or Mercury as a propellant, due to their comnbina-
tion of molecular weight and ionization characteristics. Other fuels have been exam-
ined to increase thrust density to levels that would lead to an attractive thruster withSwider applicability. Atomic clusters were found to have the most promise as a result
of their large effective molecular weight. Heretofore, problems with cluster stability
during acceleration have so far prevented their use in ion thrusters.

Fullerene. C6 0 . is a recently discovered form of carbon that possesses a \\ide
variety of unusual properties. Its extreme stability under impact and at high
temperatures plus low first ionization potential make it an excellent candidate for an
ion thruster fuel. A C6 0 ion thruster could provide up to a factor of 30 increase in
thrust density over the current atomic fuels of choice (Xe. Hg) as well as a simultane-
ous reduction of relative losses by a factor of 5.5. This thrust density increase wouldSresult in a reduction in required accelerator grid areas to a siz," that is economical
and practical to construct even for megawatt sized thrusters. A C6 0  fuelled ion
thruster would be a major advance in ion thruster development.

The overall objective of the Phase I effort was to demonstrate the feasibilitN of
C60 fueled thruster and justify continued DOD support in Phase II.

Five (5) issues were identified in the Phase I proposal. These are:

I. Vapor generation and control

2. Electrode poisoning (function of insulating layer on electrodes by7 C60 de-
I position) and discharge voltage

3. Fragmentation of C60 upon ionization

4. High electron affinity of C60 (formation of negative ions)

5. Plume deposition and effects

The specific objectives of this effort was to resolve the first three issues and
perform preliminary study of the remaining issues. This was successfully accom-
plished as will be discussed in subsequent sections.

3 susqun
!3
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3.0 BACKGROUND AND MOTIVATION FOR THE PRESENT WORK

I
Inter grid space charge limits the thrust density of ion thrusters. The Child-

Langmuir space charge limited current equation is

-3/2

where Va is the accelerating potential. d is the grid spacing and mi is the ion mass.
As this equation shows, increasing mi, _at fixed V) tends to reduce the current density,
However, a more likely scenario is that the specific impulse and hence the ion exit
velocity (c), would be kept constant, since an optimum value of c exists for ca,:,,given mission and power supply, ' that case, the acelerating voltage would heproportional to mi, since

!m C
M~c

2e

and the current density (Eq. [1j) is seen to increase as mi.

The grids act as a very selective filter, extracting ions in preference to
neutrals from the partially ionized chamber gas. If we assume only ions are
extracted. The mass flow rate per uni, grid area is

m
A e

Multiplying times c gives the th.-ist density which combined wxith Eq,
yields

A 92 o, •edc

I This shows the principal advantages of using high mass ions: the thrust dcn-
sity can be made higher as mi-, thus mitigating one of the principal disad~aritagcs3 of ion thrusters.

Extension of the analysis carried out above leads to an expression relating
thruster beam power per unit grid area to the thrust density of Eq. [21. This expres-
sion is

I4 L SEKI]
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As an example, consider an intcrp!anetarv mis.scn with a thrustcr beam povcr Uf
10 MW, c - 50.000 m/sec and grid ,pacing d ý; I mm. Equations 12] and I3] ihen say
that for Xe. the grid area is 18.3 mn2 and for Cto it reduces to 0.61 in. The later Is
practical, the former is not. In fact. it miay oe advisable to reduce the thihlul dcrsit\
for other reasons and stil! maintain practical size grid. Thus. C en,•i • 1jr, !or
ele static .propulsion.

A\nother advantagc is the relative reducti•on of power losses. Thcs, es 2rIcfrom a variety of sources (ionization work. need to rei,.i,/c ions thati siri-' chamber
walls before extraction, electron kinetic energy rendered to the anodc, etc. In
general. the energy loss per ion tends to be independcnt of procelient used. sincc itis closely associated with the ionizatton energy. which varie'- relativei1% litIc
iialthough it is to be noted that C6 0 has lower ionization encrgy than lq and Xe The
losses per ion are usually quoted as a voltage AVL, such that A"VL x Ihcam Enre>
Loss Rate. The usefui ion work is 1/2 mic, and ., the efficiency is

* 1~

ri= ------

= 1 2 eA=.Wmc: + eAV 1 +---7

It is clear that higher mi leads directly to higher efficiency. For eanplc.

using AVL = 201' V (a conservative estimate; Fig. 3.1 shows the thruter efficicnciesw.ith Xe. Hg and C6 0 used as propellanrs. The advantage of fulLircnc is most striking

in the specific impulse range between 1000 and 2000 seconds, where many space
missions optimize, and where the conventional propellants give unacceptably lo\4
efficiencies (as well as low thrast densities, (see Eq. [21). The dramatic ihrust dcncstv
and efficiencv impovements with C6 0 fuel are shown below irt Table 3.1.

TABLE 3.1

PROPELLANT COMPARISON FOR c = 50,000 mrisec. d = 1 mm. ML 200 0olts
VaXe/Va(C60 miXe'miC6!

Im i V F/A Pjet/A
PROPELLANT ( 1gmol) (Volt) (N/m2, mW/m2) m_2___

I Xe 131 1700 21.8 5.46 x 105 0.89

L C60 720 1 9340 659 1.65 x 107 0.97Ii
In general, the best propellant for an ion thruster would have a high ntol,-,

lar mass, lov, first ionization potential and high maximum cross-Section fol 1st
ionization (but the reverse properties for 2nd and higher levels of ioniztion) and itshould be straight forward to store and handle without creating problems of maleri-
als compatibilitN or human safety. Mercury is one prime candidate but it has a
relatively low 2nd ionization threshold and is toxic Cesium is similar but wor,c, and
has been only used in contact ionization thrusters. Spacecraft contamination by
condcnsation of plume-derived atoms (or molecules) on external surfaces is a ceneric

5 
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problem with liquid metals (e.g., mercury). causing a trend toward alternative, safer
propellants. Molecular gases are usually rejected because of the multiplicity of ionic
and excited species their discharges can generate. This is where C60 should be a
notable exception. The noble gases are thus a natural choice, and especialiN Xenon
which is the heaviest and easiest to ionize of the naturally occurring noble "ases.
Argon has also been consiucred because of its lower cost. A survey of electric
propulsion can be found in Ref. 1.

Table 3.2 gives a compilation of physical and operational properties of the,,e
propellants, with somc comments as to their impact on thruster operation. Much of
the material comes from the excellent discussions in Refs. 2 and 3. The overall per-
formance with Xe is very similar to that with Hg, although the efficiency at a gicn
thrust level is slightly better in HgC 2)

I The most probable initial use of ion propulsion is for north-south station
keeping of geosynchronous communication satellites. An early study of that appli-
cation( 4 ) showed that the on-board batteries that arc normally used to pover the
satellites during periods of shadow could be used to operate ion thrusters for about
one hour daily without adversely affecting satellite operation. More recent studies of
ion propulsion for this application(5, 6 ) have confirmed that a significant net
performance improvement can be achieved by replacing, or even augmenting.
chemical propulsion systems with high-specific-impulse ion propulsion. The
performance improvement would translate into a reduction in vehicle launch weight
and lower launch cost, an increase in the amount of revenue-producing equipment.
or an extension of the maneuver lifetime of the spacecraft.

For example, analyses performed b1: Hughes have shown that the maneuver
lifetime of INTELSAT-VI. the world's largest communication satellite, could be
increased from its present 14 years to nearly 23 years by using xenon ion propulsion
to augment the chemical bipropellant propulsion system. The baseline system, and
the status of the technology, is described in the work of Beattie. et al.(-) Though the
station keeping application is emphasized. several recent studies(S. 9 ) have shown
that high-power versions of the baseline xenon ion thruster or its derivatives, can
offer tremendous performance advantages for other. more demanding applications
such as orbit raising and maneuvering. A similar study for the INTELSAT VII satellite3 is reported by Day. et al.( 10 )

I
I
I
I

I7

I



C~~C c~
0 0

> 030
0*

0E >00

C

.1c IV.
-C =0- 0o~ 4

= =U -'r 0 m ,'a
o o0 0 ) A A A o~ Z

M >~

I 1 IQ9 "i, 100 < 11 11tI'

c~w 0
0 0> o' CLJ

C- C-C 0 c. ad4

N~t r5c'
-l .........

CD 0? -0 06 0 'J:,

0( 0 3- *.... cr. A

.... . E-4 4

"00 V

Inm0 0 0 1
C) mnhO -g .L

-00

(O u r)rm.= :., :

(00

0 1.i

cc0D 41 cC 0. .14

C0 - C

00wi--ElAC.E A.
- 8



DUD/AF SBIR Phase I Final Report, Busek #029

4.0 FULERENE COMPATIBILITY STUDY

Initially we envisioned that the entire experimental flow train wetted by
fullerene vapor will be made from stainless steel (SST). However, Dr. Lorents of SRI
(our fullerene consultant) indicated potential interaction of SST with fullerenes. It)
He found it impossible to vaporize all fullerenes in his SST container even at 700'C.
The remaining material was analyzed using laser desorption in a mass spectrometer
and seemed to contain only C6 0 but yet it was not soluble in toluene. It was suggestcd
that there is some thermally activated process that chemically bonds some of the
fullerenes together and decreases their vapor pressure. This process might of course
be catalyzed by ti-e SST container. Another phenomena observed at SRI was that
vaporization rate depended on the number of reheat cycles of the sample. With anew fullerene sample to be vaporized they obtained expected mass flux at 500'C but
each time it was reheated it required higher temperature to obtain the same mass
flux until finally reaching 700'C.

Because of this experience we performed an experiment to determine if there
is interaction between fullerene, SST 316, Boron Nitride (BN), Alumina (A1203),
Aluminum Nitride (AtN), quartz, and Molybdenum (Mo). Two samples of each mate-
rial in the form of small 1" x 1" x 1/8" to 1" x 2" x 1/8" coupons were placed into avacuum furnace. Approximately 50 to 100 mg of fullerene mix (C6o/C7o was placed
on one of each pair of the coupons leaving the other as control specimen. The ovenwas heated to 7501C in 50 minutes held for 60 minutes and allowed to cool down.
Apparent reaction/contamination of At20 3 with fullerenes is shown in Fig. 4.1. The
coupon on the left had no fullerenes on it during heating while the coupon on theright did. The fullerene residue and SST. BN, At203 coupons were then sent to SRI for
mass spectrometric analysis. The other coupons showed no discoloration of any kind.
were untouched by the fullerenes and therefore not sent for further analysis.

The mass spectrometry was done in the SRI Surface Analysis by Laser Ioniza-tion (SALI) system using 532 nm laser light to desorb the sample material and 118 nmphotoionization of the desorbed neutrals followed by Time of Flight mass spectrome-
try. A schematic of the SALI system is shown in Fig. 4.2. Mass spectra were taken onboth the residual powder material left after the heating experiment and on the
substrates from which the fullerenes were vaporized. The residual material had asmall amount of fullerenes in it and was contaminated with hydrocarbons which may
be pump oil or pump oil fragments. Despite discoloration of the coupons no
fullerenes were found on any of the substrate samples. The mass spectra of the
residuals from the alumina coupon show the existence of C60, C70 and a string of
higher fullerenes (Figs. 4.3, 4.4, and 4.5). These spectra clearly show the C60 to be
heavily depleted in the sample since the ratio of C60/C70 and C60/higher fullerenes
is much higher than is normally seen for the starting material. In the starting
material there typically is 15-20% of C70 and 1-2% of C7 6 , C78 and C8 4 whereas in this
sample the ratios appear to be of the order of 50%, and 5-10% respectively. The large
peaks at 356 and 430 amu were not identified. All of the samples showed these peaks
and SRI has never seen these peaks in their fullerene samples. They may be
forepump or diffusion pump oil contamination. The lower masses below 200 are typi-
cal fragment masses from hydrocarbon contamination.

IU
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In addition to the potential importance of contamination there are several
conclusions from this experiment.

1) Mo. Quartz and AIN exhibited no reaction or discoloration and hence theySare the preferred m aterials to use in the fullerene vaporizer. For these
reasons and to be able to observe the internal content of the fullerene flow
train, quartz was selected for the vaporization and the ionization chambers.

2) SST and others discolored but none of them showed contamination by
fullerene. Thus aside of the reservations stated above could be used as well.

3) The composition of the fullerene residues showed depletion of C6 0 which
indicates that the C60 in mixed C60/C70 samples vaporizes first which is
consistent with vapor pressure data. This means that vapor mass flow from
mixed fullerene sample will be sensitive to temperature as well as time as
the composition and hence vapor pressure changes. At 700°C the vapor
pressures of C60 and C70 are about equal and was one of the reasons 700'C
was selected as the nominal operating point of the fullerene flow train (to
be described later). Additional consequences of using mixed fullerenes are
variations in discharge voltage and current due to the differences in ion-
ization and excitation cross-sections. These difficulties clearly point to the
need to perform critical experiments with pure C60 samples which are five
times more expensive than mixed fullerenes.

15
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I 5.0 SELECTION OF OPERATING TEMPERATURE/PRESSURE

I
The peak vapor mass flow rate was selected to be 5 mg/sec. Convertcd to ionic

current it represents 3.3 Amps. Converted to ionic current it represents 3.3 Amps.
The design issues were operating temperature of the vaporization chamber to deliver
this mass flow which determines its size and the material of construction. Each of
these is discussed in turn.

Figure 5.1 shows a curve fit of C60 and C70 vapor pressure data versus its tem-
perature. The data were obtained from Abrefah(12) and are shown superimposed on
the curve fit. No data exists above 600'C. The curve fit has the functional fom)

Alts

P=Pre RT f41

where p is pressure, Pr is a constant given by "best" fit, A H s is the sublimation
energy, R is the gas constant, and T is temperature. Table 5.1 shows Pr and A Hs for
C60 and C70. The vapor mass flow is given by(1 2 )

1= PAN•N 27rRT [51

3 where A is the flow area which can also be viewed as the minimum vaporization
surface by the subliming solid.(1 3 ) Combining the two equations. solving for A and
calculating the corresponding tube or orifice diameter necessary to transport the
vapor at rn = 5 mg/sec yields the graph shown in Fig. 5.2. For operating temperaturebelow 600'C the orifice or fuel supply tube is too large to be practical (D> 40 mm).
Thus we selected our initial experimental orifice to be 10 mm in diameter and selected
vaporizer operating temperature range from 650'C to 800'C. The upper limit is given
as a temperature above which C60 fragmentation may result.(1 4 )

3 TABLE 5.1

C60 AND C70 VAPOR PRESSURE RELATED CONSTANTSI
C60 C703 Pr (mTorr) 4 x 1010 1.4 x 1012

AHs (cal/mole) 38.000 45,0003 Mw (g/mole) 720 840

The minimum required vaporization chamber volume was given by the maxi-
mum selected test duration (1 hour) at rn = 5 mg/sec (typical fullerene powder density
is 1.5 g/cm 3 ). Based on that we selected the vaporization chamber volume to be about
100 cm 3 . Approximately 15% of its volume will be occupied at maximum charge by3 the fullerene powder.

16L [BUSEK]
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6.0 EXPERIMENTAL FACILITY ANO APPARATUS

6.1 Flow Train Description

The fullerene fueled ion thruster experiment is housed in our 4 ft. diamecer
space chamber as depicted in Fig. 6.1. A photograph of the tank is shown in Fig. 6.2.
The experimental apparatus i- contained with the block labeled "oven" (see Fig. 6.1)
where the entire fullerene exposed flow train could be heated up to 80()C. This flow
train consisting of fullerene vaporization chamber. flow orifice, discharge/ioniza-
tion chamber plus the accelcrating grids is shown in Fig. 6.3. A photograph of these

components made of quartz is shown in Figs. 6.4(a), (b), and (c). The oven and its

content are mounted on a water cooled balanced scale platform to measure the appa-
ratus weight change rate as the fullerenes evaporate giving a real time fullcrene
mass flow.

The fullerene in the form of a loose powder is loaded into the vaporization

chamber prior to the experiment, typically up to 10 grams at a time. When heated
they flow through a choked orifice into the ionization/discharge chamber where the
neutral molecules get ionized by electron bombardment from a hot filament tungsten

cathode. Voltage applied on the grid at the discharge chamber exit accelerates to

positive ions outward. Exiting ions or neutrals are condensed on either a collec-
tor/target plate or in a condenser tube as shown in Fig. 6.1. This prevents condensa-
tion of the fullerenes on the balanced beam scale and corresponding errors in the

weight change measurements.

The designs of the fullerene hot flow train, the oven, the balanced beam scale
and vaporizer and ionizer are described in Sections 6.2, 6.3, and 6.4 respectiveiy. The
design of the hardware is dictated by the selected operating regime, principally

sublimation temperature and by the materials of construction.

I 6.2 Oven Design

The fullerene experiment is contained within an electrically heated oven
shown schematically in Fig. 6.5. It is designed to heat the fullerene flow train
uniforml5 to a maximum of 900 0C. At 7501C it operates at 110 volts and 18 amps with

two SST heat shields around its OD. The remperature is maintained by a
programmable controller with feed back to a dc power supply. A portion of its length
is occupied by the fullerene vaporization chamber and a portion by the fullerene

ionization chamber. The vaporization chamber must be heated to higher tempera-
ture to establish a pressure vapor gradient between it and the downstream discharge

chamber. We elected however, to heat the whole flow tiain uniformly to avoid
complications and to ensure that nowhere along the flow train is a cold area where
the fullerenes could condense. In addition to heat, the downstream half of the tung-
sten wire spiral provides axial magnetic field that diverges similar to the Hughes "J"

series thrusters.( 1 5 ) The magnetic field on the oven axis is given by

IB=laoIN

L

I where N is number of turns, L is coil length, I is current and gto is its permeability.
With 18 amps in the coil the critical magnetic field is approximately 30 Gauss.

I9BUSEK
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6.3 Balanced Beam Scale Design

Critical to the successful application of fullerenes as electrostatic thruster
propellant is a predictable and real time adjustable fullerene vapor mass flow rate.
This rate is of course dependent on the vapor pressure and hence temperature of the
fullerenes (assuming equilibrium between the solid and vapor phase). As pointed out
earlier there is no vapor pressure data in the temperature range necessary for
thruster operation. Thus we constructed a scale to measure mass loss rate of the solids
as a function of the vaporization chamber temperature.

The scale is ;hown schematically in Fig. 6.6. The oven, inside which is the
fullerene vaporization chamber, the ionization chamber and accelerating grids, is
mounted on the left side of the pivot and counterbalanced by weights on the right
side. In this manner starting with a few grams extra on the right side we can use 50I gram load cell to measure fraction of a gram weight change of an oven plus the
fullerene experiment which weighs several pounds. The platform is made of
aluminum and is water cooled to maintain its dimensional stability and prevent
distortions during heating. All connections to the experiment (water, power and
thermocouples) are made near the pivot point to minimize their influence on the
weight change. The pivot consists of hardened tool steel shaft with a knife edge on
both ends resting on Agat "V" blocks. The scale was calibrated using standard
weights and proved linear up to about 25 grams weight change. The development of
this scale was one of the most difficult undertakings in this project. It worked well
when cooled but remained sensitive to temperature transients in the oven, because
its expansion and contractions with temperature that varied from room to 8000 C
resulted in shifting of the center of gravity and false indications of weight change.
Good weight loss rate measurements were performed only after oven temperature

II stabilized.

6.4 Vaporizer, Ionizer And Accelerator Design

The schematic of the experimental flow train and its installation into the oven
was shown in Fig. 6.3 and a photograph of its components in Fig. 6.4(a), (b), and (c).
For reasons specified in the previous section all components of the fullerene wetted
flow train were made of quartz including the grid/accelerator plates. The dimen-
sions of these components, the vaporization/discharge chamber, ionization chamber
and the grids/accelerator plates are shown in Figs. 6.7, 6.8 and 6.9 respectively.
During initial experiments a stainless steel orifice plate with various size orifices was
inserted between the vaporizer and the discharge chamber. Later during the exper-
imental program the SST orifice plate was replaced by a quartz orifice fused into the
neck of the vaporizer. In order to maintain seal at the vaporizer/ionizer interface at
high operating temperature the two chambers were compressed by four quartz
springs. Quartz is the only material that retains spring qualities and remains flexible

* from room to the operating temperature.

The ionization/discharge chamber contains centrally located tungsten fila-
ment cathode made of 0.5 mm dia., 2% thoriated tungsten wire. The anode is made of

SST ring that stands off the quartz wall. The intent of this stand off was to minimize
the possibility of electrically shorting along the walls from the cathode leads to the
anode which we thought could occur if the fullerenes break down to soot and deposit
on the walls. Based on short duration tests described later this does not appear to be a

problem.

I27 BSK
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The quartz accelerator grids shown in cross-section in Fig. 6.8 and in plainI view in Fig. 6.9 are clamped to the exit flange of the discharge chamber. The inter-
nat faces of the grids are gold plated to provide high voltage equipotential surfaces
for acceleration of charged ions. There are 221 of 0.125" holes in each plate which
provides about 30% open area. Because optimization of the acceleration process was
not the objective of this effort, no attention was paid to the ion focusing optics to
avoid complexity and increased cost.

The quartz grid pla:es were replaced by metal grids during the experimental
program for several reasons. The first was excessive inter grid current leakage
when the system was at temperature which exceeded the capacity of our high voltage
power supply. By making the grids metal we had greater freedom in designing a
high voltage stand off capability. The second reason was heat transfer within the
grids. The gold surfaces on the quartz acted as excellent heat reflectors (essentially
high quality gold backed mirrors) which decreased the temperature of the outer grid
(located just outside of the oven) to below condensation points of fullerenes. This
caused an unacceptable fullerene build up on both sides of the outer/accelerating
Igrid.

The metal grids that replaced quartz later during the experimental program
had the same hole pattern. The inner/screen grid is made of 0.003" thick Mo sheet
and the outer of 0.012" thick SST sheet. Their juxtaposition designed to minimize
current leakage at high voltage is shown in Fig. 6.10.

I 6.5 Electrical System and Instrumentation

The electric schematic is shown in Fig. 6,11. The quantities recorded on a strip
chart recorder are listed in Table 6.1. During mass flow rate experiments the strip
chart was also recording load cell output. The balanced beam scale was locked in
position and the load cell was disabled during ionization and acceleration experi-
ments because the number of power connections to the balanced beam scale made
weight change determination impossible.

The oven was controlled by a programmable controller that could maintain
any temperature ramp or hold within a few degrees. All other power supplies were

controlled manually.

I
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U 7.0 EXPERIMENTAL RESULTS

7.1 Fullerene Mass Flow Measurements

Fullerene mix of typically 80% C6 0 and 20% C70 in the form of loose powder
was inserted into the vaporizer. The ratio of C60 and C70 is important because each
has slightly diffcrent vapor pressure attd hence will evaporate at different rates at a
given temperature. Typically the fullerene mix quantities ranged from 4 to 9 grams.
The vaporization chamber was attached to the ionization chamber by the quartz
springs as described earlier and the two chamber assembly was inserted into the
oven where it was supported on both ends on the oven flanges. The orifice, initially
SST, and later quartz fused into the vaporizer exit tube were used. The fullerenes
were weighed prior and post each run to determine net weight loss and compare it to
load cell rate measurement. The load cell gave unreliable readings during oven
temperature transients and proved to be reliable at conditions with steady state
temperature.

We conducted four tests devoted to mass flow measurements. Table 7.1 shows
the results. The first three tests were performed with three different SST orifices and
a constant temperature of approximately i00°C which is where the extrapolated
vapor pressure data for C60 and C70 roughly coincide. There was a 30'C spatial
temperature nonuniformity as measured by two thermocouples at two different
locations in the oven separated by about 5" axially and 4" radially. After completion
of all tests there was some residue left in the vaporizer. The fraction vaporized
ranged from 99.6 to 93.3% which is consistent with SRI experience described previ-
ously. The flow rate in the first three tests was measured from the slope of the load
cell output and compared to the pre and post test weight change. These agree with
+8% which gives us confidence in the difficult to perform rate measurement. Once
temperature in the oven stabilized the mass flow rate was steady and constant. How-
ever, comparing it to the theoretical flow rate based on extrapolated vapor pressure
data (Table 7.1) the measured flow rates were substantially higher and the discrep-
ancý was increasing with decreasing orifice size. Moreover. the measured flow rate
did not scale proportionally to the orifice flow area. For example. by decreasing
orifice diameter from 0.34" to 0.188", the measured mass flow decreased only by a
factor of 0.55 instead of by a factor of 0.22 as the area ratio implies. We serched for
the reason of this anomaly and determined, based on SST orifice depositions. that at
the operating temperature the seal around the orif;ce opened up and in effect
increased the flow area. This was the reason why the theoretical versus measured
flow rate discrepancy increased with decreasing orifice size because the leak area
started to dominate the orifice area. To eliminate any issue of poor seal around the
SST orifice we fused a quartz orifice into the exit neck of the vaporizer with a fixed
hole diameter of 0.140" (- 3.55 mm). With this arrangement we performed a single
test and ran it at three different oven temperatures. This is the 12/15/92 test. We still
measured substantially higher (factor of 6) flow rates than theoretical but the inte-
grated mass flow rate measurements and the pre and post test weight differential
agree within 16% as shown in the bottom part of the table under the title "Mass
Closure." Considering that this test took over three hours, over which the flow was
integrated, the 16% discrepancy is very reasonable. Thus the data can be considered
valid which in turfn implies higher vapor pressure than that extrapolated from
published data. Back calculating the necessary vapor pressure necessary to flow the
2.22 and 4.08 mg/sec of fullerenes using the equation
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I P=A' Mw

we get 404 mTorr and 751 mTorr respectively. Figure 7.1 shows this data superim-
posed on the curves extrapolated from data by Abrefah.(12)

3 A possible explanation is inaccurate temperature measurement. The two
thermocouples within the oven agrecu within 5°C during this test. They arc located
outside of the quartz vaporizer in a space between it and the tungsten heating wire.
It is hard to imagine that they could be about 60'C below the actual fullerene
temperature within the vaporizer, which is what it would take to put the data on the
projected curve. Another possibility is solvents coming off the mix which is unlikely
because we did not see the normal corresponding tank pressure increase. The tests
are difficult and expensive to perform and we have expended approximately $5000
worth of fullerenes just on these flow rate tests and hence could not repeat them on a
Phase I SBIR budget. There is however, no question that the mass fiow rate
measurement is reasonably accurate and reproducible and verified by the weight
difference of the fullerenes between the initial and final weight. A three hour
duration test demonstrated that the vapor flow is steady and controllable from rý,Xcs

* of near zero to 2.2 and 4.1 mg/sec.

Samples collected after the 11/12/92 test from various locations within the
system were sent out for analysis to SRI. These samples were from vacuum tank
walls, ionization chamber, vaporization chamber, and fullerene condenser located
downstream of the ionizer exit (see Fig. 6.1).

Each of these samples was dissolved in toluene and subjected to a HPLC analysis

for C60 and C70. All of the samples except for the vaporizer residue were completely
soluble and the vaporizer residue was partially soluble. Furthermore the ratio of C70
to C60 in the soluble samples was about 20% in all samples which is what is normally
found in the original extract. Therefore one can conc'ude that the fullerenes that
have been vaporized from the thruster and collected in various parts of the system
are exactly the same as the original fullerene mixture and have not been degraded inany way. They could in fact be used over again in future tests. The composition ofthe nonsoluble part of the vaporizer sample was not determined.

These unique tests demonstrated controllable fullerene vapor generation rate
and that controlled vaporization does not affect their molecular weight (no fragmen-
tation). Back calculated vapor pressure data are higher than anticipated from

* extrapolated low vapor pressure data obtained from literature.

7.2 Discharge and Acceleration Experiments

I For the first set of discharge experiments we used the gold plated quartz grids
(see Fig. 6.8), electrically connected approximately as shown in Fig. 6.11. The collec-
tor plate indicated in Fig. 6.11 was approximately 5" downstream from the grid and
instead of being heated it was water cooled to insure condensation of all fullerencs so
that following establishment of discharge, the condensed fullerenes on the collector
can be examined for possible fragmentation.

During the first test the cathode filament was heated to approximately 2400'K
and discharge voltage up to 200 VDC was applied without observing any discharge

I38 1 BSEK]I
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current. There may have been a few milliamperes which the shunt used at the time

would not pick up. This was puzzling because we expected a discharge voltage of the
order of 40 volts. Therefore, in order to verify the experimental set up we allowed
the oven to cool to room temperature, back filled the tank with nitrogen to an
estimated pressure of a few mTorr inside the ionization chamber and established
discharge. Its V-I characteristic is shown in Fig. 7.2. The current is limited by the
cathode emissivity as expected, revealing insensitivity to the discharge voltage. This
proved that there is nothing wrong with the experimental set up.

Cathode emissivity in nitrogen is shown in Fig. 7.3 where we plot the
discharge current versus the cathode filament heater current. (The cathode was aspiral of 0.020" dia., 2% thoriated tungsten wire). Typical exponential emissivity
(discharge current) is revealed. The exact temperature of the cathode was not
determined because of unknown voltage drops of leads and connections leading to
the cathode. Estimated temperature is 2500'K to 3000°K. As noted in this figure the
discharge voltage was kept approximately constant at 50 volts. However, to first start
the discharge the required voltage was 84 volts. This was a cathode filament that was
previously exposed to fullerenes. Subsequently we replaced the cathode with a new
filament never exposed to fullerenes and started the discharge at 32 volts. ['ablc 7.2
compares the first start and second start voltage for new and fullerenc exposed
cathodes. It clearly indicates that some sort of cathode poisoning occurred even aftera very short exposure to fullerenes which persisted and maintained higher than
normal discharge voltage.

I Using the cathode previously exposed to fullerenes (test #010593) and proven
by using it in an N2 discharge described above, we established a discharge in
fullerenes. The oven temperature was approximately 7000 C which, based on previ-
ously discussed data, was giving fullerene mass flow of about rh = 4 mg/scc. The
estimated discharge chamber pressure (based on tank pressure measurement) was I
to 5 mTorr. To start the discharge, 250 volts of applied voltage was required with a
cathode heating current of ICH = 15.0 Amps and cathode voltage of VCH = 36 volts.
When the discharge started the ICH dropped from 15 A to 14.2 Amps reflecting the
discharge current draw. The V-I of this discharge is shown in Fig. 7.4.

After the initial start the discharge voltage was gradually increased to 270
volts, with a small corresponding increase in discharge current which is the
standard shallow V-I characteristic of cathode current limited discharge. From
270 volts the voltage was turned down back to 250 volts with no effect on the
discharge current. Then the cathode heater current (IC H) was increased from
14.2 Amps to 14.5 Amps which doubled the discharge current. The discharge power
supply was then turned off and turned back on within approximately 1 minute. The
applied voltage was gradually increased until the discharge restarted which occurred
at 192 volts. These observations together with data in Table 7.2 provide strong
evidence of cathode poisoning phenomena which results in low emissivity and high
discharge voltage - approximately six times higher than expected.

The cathode filament disintegrated during post test inspection. The totalestimated exposure to fullerenes was about 30 minutes. The filament diameter
increased from 0.020" diameter to 0.025". Examined under optical microscope the
surface of the filament was covered with hemispherical protrusions typically 0.005"in diameter which appeared to consist of carbon. Because the cathode is crucial tosuccessful application of the fullerene ion thruster we conducted a thorough exami-
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Data from 1/6/93, N2 at 2 to 5 mTorr,
Ich approximetely constant at Ich =14 Amps
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nation of this as well as one other cathode filament. The results of this examination
are in Section 8.0 entitled, "Discussion."

TABLE 7.2

STARTING VOLTAGES OF NITROGEN DISCHARGE FOR NEW
AND FULLERENE EXPOSED CATHODE FILAMENT

VD VD
FIRST START SECOND START

New (test 1/21/93) 32 28

3 Exposed to Fullerenes 84 48
(test 1/6/93) 1 1

During the same tests we attempted to accelerate the positive ions using the
quartz grids described previously. These shorted shortly after we applied voltage
even though at room temperature they tested to 2 kV without leakage before and
after the test. Fullerenes, which are dielectric, were found to be condensed on both
the screen and the accelerating (outer) grids and on the collector plate located
downstream of the grids. Figure 7.5 is a photo of the accelerating grid showing the

deposition of the fullerenes not only on the grids but also on portions of the vacuum
tank. Unlike previous tests that were performed without discharge inside the ioniza-
tion chamber we found a deposit in the back of the cathode. This film was electri-
cally conductive and adherent to the quartz walls of the chamber. Because condensed
fullerenes are electrically nonconductive this layer consisted of fullercries that
fragmented under heat and discharge conditions to graphite. Deposits in all other
parts of the experiment on the tank walls were nonconductive. There were no
deposits on the anode. The following sample deposits from the various locations were
submitted for analysis.

L14 Ion Chamber
L15 Collector Plate
L16 Inner Grid, Internal Face
L17 Outer Grid, Internal Face
L18 Outer Grid, External Face

Each of these samples was dissolved in carbon disulphide (CS2) which is a
stronger solvent than toluene and subjected to a HPLC analysis for C60 and C70. The

sample Li4 was insoluble in CS2 and L16 was only partially soluble. L15, L17, and L18
were completely soluble. The ratio of C70 to C60 in the soluble samples was in the
normal range of 20-25% in all samples. This indicates that portions of the ionization
chamber were overheated most likely due to the combination of discharge Joule
dissipation and radiated heat by the high temperature cathode filament. All of the
L14 samples came from an area upstream of the cathode filament. All samples
collected outside of the discharge chamber exhibited no fragmentation due to
discharge and retained the original C60/C70 split. This is one of the salient results of
this study.

I For the next test we replaced the gold plated quartz grids with metal grids (see
Fig. 6.10) and installed new cathode filament. The tank was pumped down to the
10-6 Torr range and power was applied to the discharge chamber, grids, collector

I [4BUSEK)
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plate and the cathode filament. The respective voltages were (see schematic,
Fig. 6.11) VD = 50 volts, VG 1000 volts, Vcollector = VBeam = 1000 volts, VCH= 33 volts
drawing ICH = 14.8 Amps.

At these conditions the oven heater was turned on and its programmable con-
troller was set to reach 650°C within approximately 5 minutes and hold it constant.
When fullercne vapor started to flow the grid voltage collapsed and fluctuated
between 280 volts and 400 volts depending on the grid current (of the order of 0.5 to
0.2 mA) which is a consequence of our poorly regulated power supply. The collector
voltage held steady at 1000 volts. Discharge was not detected until VD was manually
increased to about 60 volts. At that point the discharge power supply with a presetcurrent limit tripped because the current limit was exceeded. Its magnitude was
unknown and our recording equipment (Beckman Strip Chart Model 2500) sampling
once every 6 seconds did not catch it. The same repeated itself at several times whilewe were increasing the current limit set point until VD - 136 volts. At that point the
discharge current of ID = 160 mA and beam/collector current of IB = 18 mA was
recorded. The VD was turned off and brought up again to determine where the next
ignition point occurs. At VD E 170 volts the discharge started and next time it started
at VD 195 volts drawing a discharge current of 250 mA. At that point we wanted to
increase the discharge current by increasing the cathode heater current (hence,
emissivity) to ICH - 15.6 Amps and the cathode failed terminating the test.

It is to be noted that we measured approximately the same discharge voltage in
our first test after a second discharge start (see Fig. 7.4). This confirms that, with a
tungsten filament cathode, a stable discharge in fullerene vapor requires 190 volts.

Upon disassembly the unheated collector was coated with a film of strongly
adhering fullerene laver indicating impact by energetic ions rather than simple
condensation observed in previous tests. The layer was highly resistive. T%,o probes
placed 1 cm apart on the cooled surface of SST collector indicated resistance range of
107 to 108 ohms. hence there is no question about the fullerene/fullerite nature ofthe layer. The layer was too thin and too adherent to scrape and analyze, however itsresistive nature indicates that the fullerenes did not fragment during their ioniza-
tion as well as acceleration process or due to impact upon the collector. This corrobo-rates the data repeated earlier which were obtained from the analysis of
nonaccelerated deposit on the collector. Thus, this test fulfilled one of the major
objectives of the Phase I research which was to confirm that fullerenes do not
fragment upon ionization or acceleration.

The data described above were used to estimate the key ion thruster perfor-
mance numbers that arc summarized in Table 7.3. This data must be taken as very
preliminary and provide just an initial idea of future prospects. An important
parameter, the ion beam energy cost is high (E = 915 volts) relative to xenon ion
thruster which for similar discharge size and cusp magnetic field is of the order of
200. Analysis performed by Torres( 1 6 ) predict that same sized fullerene thruster
with cusp magnetic field should have F = 177 volts. The principal reason for the high
measured E is of course high discharge voltage. This is a crucial issue which will be
examined in Section 8.0 entitled, "Discussion."

Another important parameter is the propellant utilization which came out
surprisingly high. This may be due to double ionization or just inaccuracies in the
measurement of the beam current as well as in the estimated total propellant mass

I l
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I flow. Torres( 16 ) however, predicted high fullerene propellant utili.,ation (Fig. 7.6)
which gives credence to the data. Clearly these tests must be repeated with better
instrumentation and longer test times which, due to the cost of fullerenes, were
necessarily limited by the Phase : S31R budget.

These tests demonstrated the first discharge in pure fullerene vapor and first
full,:rene ion thruster data were obtained. The discharge voltage was higher than
expected. Detectable fragmentation of fullercnes did not occur.

I
TABLE 7.3

SUMMARY OF EXPERIMENTAL CONDITIONS AND RESULTS

Cathode Heater Voltage VCH (Volts) = 33.0

Cathode Heater Current ICH (AW = 14.9

I Discharge Voltage with Respect to VD (Volts) = 136
Ground

I Discharge Current ID (mA) = 160

Collector Voltage WRT Ground Vcoll. (Volts) = 1000

Collector/Beam Ionic Current IC (mA) = 18

Inter Grid Voltage VG (Volts) = 4000

Actual Discharge Voltage VDA (Volts) = VD - VCH 103

I Beam Ion Energy Cost -DA =1

Mass Flow Based on Beam Current Assum- . IC

ing Single Ionization mc = -0.14mg! ecI q
Estimated Mass Flow Based on Tempera- ht = 0.2mg
ture Measurement and Corresponding
Vapor Pressure

Fullerene Vapor Pressure in Vaporizer Tvapor (°C)= 650

I Pressure in Discharge Chamber Esti- PD(Torr) - 10-4
mated on the Basis of Tank Pressure

Estimated Propellant Utilization Assum- rhpm =0.7
ing Single Ionization t m
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8.0 DISCUSSION OF CRITICAL ISSUES

There are at least two crucial issues that must be resolved before a successful
fullerene ion thruster can be constructed. The first is the magnitude of the
discharge voltage and its relation to suspected cathode poisoning and other possible
causes. The second is propellant feed, dependency of propellant vapor generation on
heat cycling and unusable fraction of the propellant, i.e.. the fraction that cannot be
vaporized at 700'C which according to our measurements could be as much as
7%.These are discussed below.

8.1 High Voltage Causes and Cathode Phenomena

The high measured discharge voltage could be the resilt of several phenom-
ena including:

1) Poisoning of the cathode and formation of insulating layer

I 2) Insulating layer on anode

3) Large C60 excitation cross sections

I 4) High negative C60 ion density

TI" se are discussed in reverse order below.

The negative ion formation has been predicted to be negligible by Torres.i 16 )
No data exists as yet on C60 excitation cross sections. Torrez predicted large excitation
cross section. however its ratio with measured ionization cross section is about the
same as the ratio for Xc and hence looks reasonable as shown in Table 8.1 below.

TABLE 8.1

COMPARISON OF Xe VERSUS. C60 IONIZATION AND EXCITATION
* CROSS SECTIONS

I CROSS SECTION Xe C60

(3ionization (m2) at 30 eV 3.9 x 10-20 55 x 10-20

0 excitation (m2 ) at 30 eV 3.5 x 10- 2 0  45 x 10-20 (predicted)

Ratio of ai/ae 1.11 1.22

Larger than predicted excitation cross section could of course mean larger
inelastic energy losses by the electrons as they collide with the fullcrenes. The
average energy of the discharge electrons is a balance between the energy gain
from the imposed anode to cathode voltage and the energy they lose in collisions in

48 
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which they excite the fullerene rotational, vibrational and electronic states. When
the inelastic losses are high, higher voltage must be applied. This scenario, homever
is not consistent with the observed initial discharge established at 60 volts which
increased in steps of 30 to 40 volts at each discharge restart until it stabilized at
190 volts. If the large excitation cross section was responsible for the high voltage
the voltage would be independent of the number of restarts. This evidence points to
electrode problems.

No layer has been visually observed on the anode and electrical continuity
checks indicate no such layer exists, hence anode is not responsible for the high
discharge voltage. That leaves the cathode.

Two cathode filaments were operated in fullerene vapor. One failed after test
completion (1/7/93) during apparatus disassembly and will be identified as Fl. It %as
exposed to fullerene vapor after cathode heater current and the oven heat was
turned off thus a possibility exists that fullerene vapor simply condensed on it. The
second filament (F2) failed due to cathode heater/discharge over-current during the
test and was exposed to fullerenes for much shorter time than filament Fl. Both
filaments were analyzed using scanning electron microscope (SEM). Photos in
Figs. 8.1 and 8.2 clearly reveal a thick deposit on the filament. In some areas it is as
much as 0.002" (0.05 mm) thick. Figure 8.1(a) shows sections of the filament and a
break in the wire (0.020" in dia.) showing the bare tungsten metal. Figure 8.1(b)
shows a close-up area of the surface layer. Figure 8.2(a) shows another break
surface and with the surface deposit on it and Fig. 8.2(b) shows a close-up of this
deposit taken from the top photos. It shows a layered structure of the deposit. The
surface of the deposit is nearly pure carbon as shown in Fig. 8.3 obtained from EDAX
spectrometer. Some contamination of the carbon. which is not fullerenes but
graphite because it is highly electrically conductive, is revealed as evidenced by
weak counts of oxygen, tungsten, and possibly silver which may be scatter from the
sample mounting paste. The EDAX spectrum of the bare metal is shown in Fig. 8,-
There appears to be a small contamination of carbon on the metal and little thoria(initially 2% thoriated W). That small carbon contamination alone can poison thecathode emissivity and explains why we had to run the cathode very hot.

Analysis of the second cathode filament (F2) that had a shorter exposure to
fullerenes revealed much thinner coating. An SEM close-up of a typical surface of
this filament is shown in Fig. 8.5. Portions of this cathode appear nearly free of
deposits and portions reveal very light coating. Of particular interest are the
portions that appear not coated because these areas should have high emission and
low cathodic voltage drop. The filament was purposely fractured in that area and
Fig. 8.6(a) shows a portion of the fracture while Fig. 8.6(b) show a close-up of the
outer layer. Figure 8.6(a) reveals radially oriented recrystallization about 100 p deep.
Figure 8.6(b) shows a dark layer about 2 microns deep that appear as a contaminated
metal. Figure 8.7 shows the EDAX spectra of the coated and the relatively coat free
(metallic looking) portion of the surfaces shown in Fig. 8.5. As expected the coated
portion shows much higher carbon content. Oxygen contamination is similar in
both areas. Unexpected result was strong presence of thoria in the coated layer with
much less of it in the uncoated metallic area. To confirm it EDAX spectra was taken of
the interior and the outer layer of the fractured surface shown in the photos of
Figs. 8.6(a) and 8.6(b). This spectra, shown in Fig. 8.8, confirms strong presence of
thoria in the 2 tim thick carbon contaminated layer (not exterior coating) while
showing depiction of thoria in the interior (30 ýt radially inward from the surface).
This interior was also showing low carbon and oxygen content. Based on these
spectra it appears that fullerene ions bombarding the cathode penetrate at least 2 4t

4BSEK
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into its surface and react with thoriam to form thorium carbide. This clearly poisonsthe cathode emissivity and may be at least partially responsible for high discharge
voltage.

The mechanism of formation of the layer is postulated as follows. Whencathode first starts emitting, some fullerene ions will be accelerated toward it and
bombard it. This poisons the cathode and initiates building of a graphitic layer
because the tungsten is hot and breaks down the fullerenes to graphite. This buildsup continuously until the graphite surface temperature (heated by the Joule dissipa-
tion of the discharge current) reaches a point wV-, 'e the graphite vaporization and
effusion rate balances the flux of fullerenes forming the deposit. This also explains
why every time a discharge is established and turned off it takes higher voltage toreinitiate it until it reaches equilibrium at approximately 190 volts discharge voltage.
It is unlikely that the coating is uniform and therefore emission will occur in smallspots on the cathode. Here the emission is likely to be space charge limited adding tothe voltage necessary to sustain the discharge.

It appears likely that even a tungsten hollow cathode (HC) normally used inion thrusters will have the same problem because it operates at temperatures of the
order of 1 l00oC(17) which may be sufficient to start forming graphitic layers. Apossibility is to test alternative materials that have high work functions but do t.otreact with fullerenes. Graphite cathode should also be tested because it would be selfreplenishing with fullerenes and hence have long life. This cathode would require
high temperature to emit but since the discharge chamber must be heated anyway,
the cathode heat would not be a loss. Another option is to run hollow cathode on Ar
or Xe but this could decrease the thruster performance, and increase grid erosion
(due to different mass to charge ratio). Another option is to use ionization by
Electron Cyclotron Resonance (ECR) discharge( 18 , 1 9 ) instead of by electron bom-bardment. However, testing of alternative cathodes on fullerene vapor must be
performed before discarding dc ionization.

8.2 Fullerene Feed System
A spacecraft with fullerene fueled ion thrusters performing a low to GEO

transfer and station keeping may have on board hundreds of kilograms of fullerenes.
How to store the propellants and how to feed it into the vaporizer is a challenging
engineering problem. Several approaches can be considered which defer depending
on the amount stored and hence, the spacecraft mission.

Fundamentally they can be divided into: (1) heating the entire fuel storage inwhich case the storage tank becomes the vaporizer, or (2) heating small portions ofthe propellant in a small vaporizer that is fed incrementally or continuously from
the storage tank.

Both approaches have drawbacks and advantages. The obvious disadvantage of
the first approach is that one is heating large volume (of the order of 0.6 m3 for 1000
kg of propellant) which implies large heat loss and large thermal inertia.

The second approach where one can consider feeding pelletized fuel using
gun-like magazines requires complex mechanical system with a hermetic seal in
between the vaporizer and the storage tank so that fullerene vapor does not flowback into the storage tank where it would condense. The hermetic seal would have to
be basically a high temperature valve operating at up to 700'C so that condensation
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does not occur within it, which could freeze it up and plug the conduit. The pros and
cons of these approaches are summarized in Table 8.2. To decide which is preferable

(and to search for alternatives) requires detailed analysis which is beyond the scope

of this work. However, option I is more appealing especially for systems that store

only a few tens of kilograms of fuel because it's a passive system.
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9.0 FULLERENE PRODUCT DETECTION BY FOURIER TRANSFORM

INFRARED SPECTROSCOPY1 9.1 INTRODUCTION

The goal of the work described below was to detect C60/C70 fullerene vapor

concentration and possible fragmentation of the fullerenes in free molecular stream

of fuller , vapor inside a heated enclosure. Since fullerene vapors only exist in

large concentrations at high temperatures (600-900OC), it is preferable to detect them
by using optical measurement techniques that avoid contact with this extreme envi-
ronment. Fourier Transform Infrared Spectroscopy (FTIR) is the optical technique
used in this work, chosen because it can take an entire mid infrared (IR) spectrum
simultaneously. Thie mid IR region of the spectrum is notable for the fact that almost
all vapors have unique absorbance spectra in this region. FTIR spectrometry is a

widely used analytcal tool at present( 2 0 ) that uses transmission through a sample, or
emission from a sample (at high temperature) to detect the simultaneous concentra-
tion of many chemical species. FTIR spectrometry is not a dispersive technique: it
employs the fourier transform of light interference between closely parallel moving3 mirrors to deconvolve a spectrum from a raw signal called an interferogram.(20)

The commonly available fullerenes (C6 0 and C7 0 ) have strong absorption

I signatures in the mid IR region of the spectrilm with relatively large absorbance

values as shown in Figure 9.1.(21) C6 0 has four principle absorbance peaks, centered

at 528, 577, 1183, and 1429 cm-1; the 528 and 1429 cm-1 peaks are the strongest. rhe

emission of C6 0 in the IR( 2 2 ) and the UV/visible absorption of C6 0 ( 2 3 ) has also been
measured. Since it is a molecule of high symmetry the peaks are few in number, but
there are a sufficient number of sufficiently strong peaks to assure identification of
the material if it is present even in small quantities. The reason for this is the

fin,,crprint nature of spectra identification. While many compounds (and noise) can

contribute to the absorption at a particular wavelength, absorption at 3 or 4 distinct
and prespecified wavelengths in calibrated amounts allows measurement of the

I concentration of the absorber to high accuracy even in the presence of large
amounts of noise or otlhcr mazcrial.

9.2 Apparatus and Procedures

A Bomem MB-155 Michelson Mid IR FTIR Spectrometer was used for measure-
ments in the fullerene facility at Busek Inc. This spectrometer has high IR through-
put. fine resolution, and wide frequency range. The spectral range of the spectrome-

ter is from 500 to 6500 cm-I, and it has selectable resolution from I to 128 cm'l For
this work the spectrometer was used in transmission mode: IR radiation is generated

by a hot source in the spectrometer, collimated, passed through the moving mirror

system. and manipulated by external optics through the sample volume and into the
slaved detector.

Figure 9.2 shows the geomeiry of the optical arrangement including the spec-
trometer. IR beam optics. IR detector, and fullerene facility vacuum chamber. The IR
output beam was deflected and focused hy a parabolic mirror segment through the

two KBr windows mounted on the vacuum chamber and then collected by a second

parabolic mirror whose focus is on the IR detector. The spectrometer was mounted3 on a platform unattached to the vacuum chamber at the same height as the fullerene
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3 oven. The IR detector was a liquid nitrogen cooled mercury cadmium telluride (MCT)
photo conductive chip and amplifier, manufactured by Graseby Infrared. The IR
output beam from the spectrometer was slightly diverging and had a gausianintensity profile. This beam was initially 5 cm diameter, 55 cm from the focusing
mirror (focal length = 30 cm) which gives focal spot of approximately .5 cm in diame-
ter at the exit of the oven. Most of the beam's energy was confined to a diameter of
about 2.5 cm around that spot. The window aperture diameter is 3.2 cm so some light
was cut off of the beam entering and leaving the vacuum chamber through the KBrIR windows. The focal spot center was aligned with the axis of the molecular stream
by a 6-axis translational/rotational mount attached to the vacuum chamber. The
collection mirror and detector could be positioned independently on a common
platform connected to the chamber by a 6-axis positioner.

The FTIR external optical system was crudely aligned using laser beams fromwithin the spectrometer, followed by maximizing the detected IR signal by adjustingthe position of both the final focussing mirror and detector position. The initial
focussing mirror was positioned to be centered on both the output window and thecenterline of the fullerene oven. Once the optics were aligned, the oven containingthe fullerenes was heated in a programmed temperature profile to obtain a variety of
fullerene concentrations and mass flow rates out of the glass fullerene chamber.

Fullerene detection tests consisted of taking transmission spectra at selected
temperatures while heating the 80/20% mixture of C 6 0 /C7 0 . The programmed
temperature was stabilized and then held constant during the FTIR measurements.
The total measurement time for each FTIR spectrum was kept to a minimum (1-2minutes) to conserve the limited quantities of fullerenes available. A resolution of 4
c m-1 was chosen as a tradeoff between higher wavelength accuracy and longer scan
time. Absorbance sensitivity is proportional to the square root of the number ofindividual FTIR scans that are added to generate a single, high sensitivity spectrum.
The 4 cm"I resolution was the lowest resolution (and fastest scan time) that allowed
the fullerene absorbances to be fully resolved. At this resolution a measurementconsists of typically 100 sequential scans (each less than I second) that are averaged* to give a single detected transmission spectrum at each test temperature.

The sensitivity of a FTIR measurement can be calculated based on previous
fullerene absorption measurements. At present, the best available calibration data
comes from fullerene films. This data was obtained from the consultants at SRI, and it
gives an absorbance value of 0.4/cm-torr of C6 0 vapor at 527 cm"1 Thus a 1 micron
pressure of C6 0 and a 10 cm pathlength for absorption would imply 4 milliabsorbance(m)unt peak height. The Bomemn spectrometers have a noise level 0.4 mA for a
single scan, so for 100 scans the noise level would be 0.06 mA (square root of number
of scans). It is important to note the responsivity curve of the MCT detector, shownin Fig. 9.3. The detector-source combination is seen to be most sensitive in the
central region of the spectrum, dropping off slowly at high wavenumbers (shorterwavelengths) and rapidly at smaller wavenumbers. In the case of fullercnes the
sensitivity at 577 and 528 cm- I is not great, and the 1429 cm-I peak occurs in the
same spectral region as atmospheric water vapor (in the beam outside the vacuum
chamber). The 1183 cm-1 peak is the largest peak in a spectral region without inter-
fecrnce, and it therefore most readily indicates the possible presence of C6 0 . Any
indication at one wavenumber must be confirmed at the other wavenumbers in the
proper proportion.
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The geometry of the fullerenc oven and vapor exhaust are another important
characteristic of the FTIR measurement. The concentration-length product is the
important factor: radiation is absorbed by the vapor over a pathlength of the
absorbed beam as described by Beer's law. Lower concentrations can be detected by
multipassing the absorbed beam. For the Busck apparatus of Fig. 9,2. the expected
detection parameters can be assessed. The 1183 cm"1 peak that is most easily detected
is don by a factor of three from the 527 cml peak, and the pathlength through tile
exhaust may be as small as 3 cm, but even a pressure as low as 1 micron of C6 0 should
be a factor of 10 above noise level. Oven pressures in the apparatus reach as high as
500 microns, but it is not known what the expansion factor is in the exhaust jet
where the FTIR beam measures concentration.

9.3 Experimental Results and Analysis

Figure 9.4 shows the sequence of absorbance spectra for the testing period
from an initially cold chamber, through high oven t-'-nertures, to a final mea-
surement of an oven cooled to less than 2000C. The most noticeable characteritics of
the spectra are the water vapor and CO, that the IR beam passes through outside the

vacuum chamber- The increasing, broad absorbance at 3200 cm-1 results from
absorption by water ice inside the detector. Detection of species flowing from the
fullerene oven is performed by using prc and post reference spectra to generate
relative spectra during the tests so that the ambient molecular species. primarily CO-)
and H-, have been subtracted out. Only the top and bottom spectra show large

change:, the concentration of other species than water and CO 2 .

J; oven temperature of approximately 2000C there was a large increase in
the vaci.,, chamber pressure as the fullerene sample exhibited outgassing typical
of fresh fuiierenc samples, although the amount of outgassing was larger than seen
previously. The oven temperature was maintained at 325cC until the pressure
dropped to an acceptable level (10 microns). Figure 9.5 shows the spectrum of the
evolving gas. This gas is clearly identified as diethyl ether (DEE) as shown by the
feature match with its reference spectrum shown below. The DEE presumably origi-
nates from the solvent used to extract the fulilerenes from their parent soot used b%
the manufacturer of this sample (Ulvick Industries).

Collected deposits from various locations in the vacuum chamber after previ-
ous experiments Acre found to contain only fullerenes, indicating that no break-
down of fullerenes was occurring. However, this test used a fullerene sample from a
different manufacturer and had an unexpectedly large amount of outgassing that
was measured as DEE by the FTIR system. The DEE contains oxygen and is unstable at
the high temperatures later experienced in the chamber. The presence of oxygen
could allow a variety of chemical reactions to take place. or even cause a breakdown

Sof the fullerenes, The material remaining in the oven after these experiments was
visibly unlike that of previous experiment.i. Whereas previously very little material
remained after testing, after these experiments large, light blocks of material were
found in the vaporization diameter chamber. For the measured spectra, it is assumed
that the small changes in CO- and H-2O are due to changes in the ambient air condi-
tions outside the reactor over the hours long testing period. Other species may also
be present; Fig. 9.6 shows a correlation between a principle peak of acetylene

(730 cm- I) (Fig. 9.6 at top) and one of the lower-temperature spectra during the out-
gassing period of the sample.
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The fullerene oven was next heated to C,30 0C, the lowest temperature where the

fullerene concentration in the oven exhaust stream was estimated to be observable.
but no characteristic fullerene signature was seen. At a maximum oven temperature
of 750'C the spectrum was as shown in Fig. 9.7. Although the ether absorbance has
disappeared, there is no characteristic fullerene spectrum visible. Several times
during heating a very weak peak at 1183 cm-1 could be seen when compared to the
initial background reference, but since none of the other peaks could be seen it was
concluded that this was due to noise. Spectra taken at lower temperatures also showed
no signs of fullerenes using reference spectra taken after the sample had been
baked out at lower temperatures.

Possible explanations for the lack of observed fullerene signature in the beam
include expansion of the fullerene jet to too low a concentration, and misalignment
of the IR beam. Since little mass loss from the vaporizer was seen during the latter
part of the experiments, it seems probable that there were simply too few fullcrenes
exiting the nozzle. The experiment was originally designed to detect fullerenes
immediately downstream of a 1 cm diameter orifice. Since the beam would pass
through the exhaust close to the molecular flow orifice, it was thought that the
concentration would be close to 1 micron pressure over a pathlength of a few
centimeters. This would imply a noise level such that fullerenes could be detect d by
a factor of 10 above noise level as discussed above, giving enough accuracy to detcct
minor breakdown products. As a result of last minute experimental changes for
unrelated practical reasons, the orifice was made considerably smaller and placed
further into the heating zone, 2.5 cm upstream of the first possible FTIR inspectionlocation. This allowed the exhaust to expand and lower in concentration before itcould be sampled, Misalignment also cannot be ruled out as an aggravating factor.

Although there was no immediate evidence of fullerenes during testing. care-
fu! post analysis showed the existence of the fullerene signature in a unexpected
manner. An absorbance spectrum taken at the end of testing was examined using as
a background the reference measurement taken before testing. The result, shown in
Fig. 9.8 indicates the presence of the characteristic fullerenes absorbances. It is
concluded that since there can be no fullerene vapors present at these test tempera-
tures what has been measured is the deposition of fullerenes on the KBr windows
along with the unknown solvents and impurities.

Reexamining the data at high temperature and using the appropriate refer-
ence data, Fig. 9.9 shows absorbance spectra taken as the oven heated up, first at
668 0 C and then at 700 0 C. At this time a thin brown film was observed on the inside
surface of the KBr IR windows. Small absorbance peaks characteristic of C6 0 are seen
to increase with time and temperature, indicating that a film is slowly depositing onthe windows. In fact, the deposition continued as the chamber cooled. In the
spectral region from 600 to 900 cm-1 absorbances can be seen that indicate species
that are primarily aromatic nature, and there is an indication of aromatic
absorbances just above 3000 cm"1, though these higher wavenumber absorbances
are much stronger when observing known aromatics. The CO2 peak at 670 cm-1 is
also visible, and low concentrations (ppm) of carbon monoxide were also incidentally
detected in the room air. Absorptions in the region between 900 and 1200 cm I are
probably due to the ether content of the film on the windows. The bands are shifted
down as the ether is not free (as when we first observed DEE) but bonded in the film.
The peak at 1250 cm"1 was not identifi-d. These absorbance spectra cIL.arly indicate
the presence of fullerenes, marked by the proper four distinct absorbances. and they
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demonstrate that the FTIR system can in fact detect the presence of fullerenes in a
very sensitive manner.

9.4 Summary of FTIR Results

FTIR spectroscopy has been shown to be a sensitive detector of fullerenes that
condensed on the KBr windows. The concentration-pathlength product of these
vapors in the oven exhaust of the specific configuration that was accessible to thedetection beam was not large enough to be detected. The cause of this low level of
fullerenes in the detection volume could have been 1) depletion of vaporizable
fullerenes in the reservoir (i.e., those infected by remainders of the solvent),
2) expansion of the exhaust jet into vacuum, or 3) misalignment of the detecting
beam. A combination of the reasons seems the most likely explanation.

Fullerenes were detected, as were fullerene solvents and low concentrations
(ppm) of carbon monoxide in the room air, indicating that the FTIR apparatus Was
working properly. Fortunately, analysis of the residues inside the vacuum tank
demonstrated that there was no fragmentation of the fullerenes, so that FTIR moni-toring of the breakdown products was a moot point for flow out of the oven. From
these tests it is evident that the apparatus must be designed to allow direct access of
the IR beam to the fullerene chamber and that this access permit significant path-
length (>5cm) for the measurement.

I
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-- 10.0 SPACECRAFT CONTAMINATION POTENTIAL

Condensation of plume-related C6 0 on spacecraft surfaces is a distinct possibil-
ity when fullerene is used as a propellant. Roughly speaking, the situation in thisrespect is similar to that for MPD systems using Lithium as a propellant, since thevapor pressures of these two materials are similar: at 4000 C. Pv = 1.9 x 10-5 Torr of C60

and 8.9 x 105 for Li (down to 1.9 x 10-5 Torr at 3700C). Both will therefore condense on
cool surfaces, although surface reactivity is likely to be less with C60.

A quantitative evaluation of the deposition rate is not possible at this time due
to lack of both, relevant data and reliable theory. Some data do exist for the case ofHg ion engines, and some semi-empirical correlation techniques were evolved in this
connection, as reviewed recently by Samania Roy and Hastings.( 2 4 ) The charge-
exchange ion current density or distance r(m) from the thruster exit (of radius rb),
when operating at a beam current Ib and propellant utilization factor rip, using a
propellant of molecular mass M (g/mol) and charge-exchange cross section GCE is

* given as

1b2(1- 1P,)/rlpcrCE-M 1015

rI r In r2

where Tn is the neutral gas temperature (approximately the thruster wall tempera-
ture). This equation applies for angles of the order of 900 away from the beam. For
greater angles (behind the thruster), Kaufman( 2 5 ) has proposed an attenuation3 factor (exp (-1/2 cot 2 o), which somewhat overestimates the fluxes.

Consider a 2 Amp C6 0 ion beam, with rlu = 0.95. This high utilization factor is
realistic for C60, as shown by Torres.( 16 ) The charge-exchange cross section of
fullerene is not known, but we can estimate it( 24 ) at between 10-18 and 10-19 m2 . At
r=5m, and 0 = 85°, the resulting ji is equivalent to 0.1-1 monolayers/hr on a cold
surface. An additional 1.5 monolayers/hr could be also collected directly as mis-
directed neutrals.

From data on C60 evaporation rate from A1203 surfaces, Samanta Roy has con-structed a curve (Fig. 10.1) of surface temperature required to evaporate thisarriving flux. Within the range considered, surface temperatures should be - 450 a

480 K. This could be somewhat reduced if the thruster is boom-mounted at r > 5 m.
More effective protection could be provided by shielding the thruster. A

simple flat or cylindrical "shadow shield" could be quite effective in avoiding neutral
flux at large backwards angles, since neutral (as well as charge-exchange ions)
originate from the high-density region around the beam origin, and would not be
coming from farther downstream. This shield could be kept cool enough by passive
means to act as a cold trap for the C60. The same approach could also be used against
the slow charge-exchange ions which may be directed backwards, particularly if theshield is purposely maintained a few volts negative potential in order to selectively

* attract these ions (while keeping ambicnt electrons away).
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In summary, the C60 contamination issue is about as serious as the more famil-
iar liquid-metal contamination issue. Given sufficient performance incentives, these
problems should be amenable to engineering solutions, but much more data are
required for proper evaluation.
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1 11.0 CONCLUSIONS

I
The conclusions presented below are the same as those in Section 1.0 (Extended

Abstract). They are reproduced here and expanded where appropriate.

All key objectives as set forth in the Phase I proposal were met and in most
cases greatly exceeded. The salient overall conclusion is that the fullerene ion3 thruster is feasible and has the potential to fulfill its theoretical promise.

To prove the basic feasibility of the FIT concept, Busek designed and ;on-
structed balanced beam scale to measure fullerene mass flow rate, a fullerene vapor-
ization and ionizatioa chamber as well as simple acceleration grid which were used to
perform a set of critical and unique experiments. The major accomplishments are as

i follo ws:

f ) Fullerene compatibility with variois metadlic and dielectric materials was
studied. Milligram quantities ol' fullerenes were evaporated from SST,
molybdenum, alumina, boron nitride, aluminum nitride, and quartz sub-
strates. Substrates and residue of fullerenes were analyzed. No reaction
has been found with any materXals although some substrates were visually
stained. Containment of fullerene solids and vapor in SST vessels should be
no probhkm. However, due to initial concerns expressed by SRI ovel SST
catalyzed unknown fullerene reactions we selected quartz as the material

for our fullerene flow train experiment.

2) FTIR spectroscopy was not able to detect highly diffused free molecular
stream of fullerene vapor but it did detect fullerene condensation coating
on IR windows and presence of solvents coming off the fullerenes during
heating. Refinement of the optical access and application to denser vapor
is likely to make this technique successful.

I 3) Preliminary assessment of spacecraft contamination by fullerene thruster
effluent was carried out. The contamination is comparable to that projected
for lithium. Concý,pts to reduce it include placement of the thruster on a
boom and shrouding the exhaust by an electrified cone which traps ions
and condenses fullerenes that deviate from proper trajectory.

4) Fullerene vapor generation and control was demonstrated. Samples of up to
9 grams were evaporated from a quartz vessel. Mass flow was measured real
time by measuring mass loss rate of the sample and verified by pre and post
test sample weight measurements. Mass closure within + 8% was obtained

in three short duration tests. A mass closure within 16% was obtained in a
three hour test. As much as 7% of the inhal sample remained as process
residue not vaporizable at 700'C.

5) A discharge in fullerene vapor .- as established using 2% thoriatcd tung-

sten filament in a quartz chambci. A stable discharge voltage of approxi-
mately 190 volts was measured. Lowest discharge voltage obtained was

approximately 60 volts which increased to 190 volts in steps of about 30 .,

40 volts eac' time discharge was re-initiated. Graphite coating was found
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3 on tile cathode as well as possible thorium carbide. Possible explanation for
high discharge voltage may be: (1) continuous forming of insulating
fullerite layer that must be converted to graphite to maintain discharge,
(2) formation of thorium carbide, and (3) high collisional lo,,scs, vhi.h is
however unlikely but no collisional cross section data exist so it cannot be
excluded. The coating is likely to lead to local high emission spots, that
become space charge limited and cause further increase in di\hargc
voltage.

6) No fullerene fragmentation occurred due to vaporization. ionization, and
acceleration as determined from samples collected in various parts of the
system with the exception of an area in the back of the cathode %,herc the

deposit was found to be graphitic. This area vas probably o'erhcaicd bN3 the high temperature cathode filament.

7) An ion beam of about 20 mA w as recorded. The beam ion encr. cost %%as
estimated to be 915 eV/bcam ion. Propellant utilization assuming single
ionization was estimated to be 701. These results arc based on short dura-
tion tests and must be repeated to verify their accuracy.

This broad set of unique results reported above was a;.hieved by- the syncrgi,,m

of two DOD Phase I SBIR contracts- The first is the present. just completed fullerene
ion thruster work. and the second is fullerene fueled SPT thruster program currently
in progress. Knowledge so far gained in the SPT work is included here to present a
mo;c complete picture. It is hoped that this synergism will continue into the next
phase 01 both programs.
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